We discuss an experimental technique to visualize the motion in the bulk of superfluid 4 He by tracking micron-sized solid hydrogen tracers. The behavior of the tracers is complex since they may be trapped by the quantized vortices while also interacting with the normal fluid via Stokes drag. We discuss the mechanism by which tracers may be trapped by quantized vortices as well as the dependencies on hydrogen volume fraction, temperature, and flow properties. We apply this technique to study the dynamics of a thermal counterflow. Our observations serve as a direct confirmation of the two-fluid model as well as a quantitative test of the normal fluid velocity dependence on the applied heat flux.
Introduction

Superfluid
4 He has received a great deal of recent attention owing to the newfound ability to image micronsized tracer particles in the bulk of the fluid. Polymer micro-spheres and hydrogen isotopes have been used for particle image velocimetry (PIV) measurements [1] [2] [3] [4] [5] and solid hydrogen tracers have been used to visualize the structure and dynamics of quantized vortices. [6] [7] [8] [9] However, the dynamics of tracers in superfluid flows are more complicated than in viscous fluids since the particles can interact with the quantized vortices 10 in addition to the normal fluid. The details of these interactions depend upon the temperature, particle characteristics, line-length density of quantized vortices, and flow properties. Progress has been made in trying to understand precisely what tracer particles "track" in superfluid turbulence, [11] [12] [13] [14] [15] though many issues remain unanswered. In this review, we discuss a technique whereby micronsized solid hydrogen tracers are imaged in the bulk of superfluid 4 He. Previous studies have shown that these tracer particles can be trapped by the quantized vortices, 6 thereby allowing us a direct visualization of the vortex dynamics, including reconnection. 8, 9 Even when the particles are trapped on vortices, they experience Stokes drag with the normal fluid, as they would with any viscous liquid. The particle trapping mechanism and its dependencies are discussed in §2 and §3, respectively. The effects of the hydrogen particles on the superfluid dynamics are mentioned in §4. We discuss experiments using hydrogen tracers in counterflow turbulence in §5 and conclude in §6.
Particle Trapping Mechanism
The trapping of ions and particles by quantized vortices in superfluid 4 He occurs by a mechanism proposed * e-mail: lathrop@umd.edu by Parks and Donnelly in 1966. 10 The superfluid motion around a locally straight vortex can be expressed in cylindrical coordinates {s, φ, z} as v φ = κ/2πs where κ = h/m = 9.97 × 10 −4 cm 2 /s is the quantum of circulation with h as Planck's constant and m the mass of a 4 He atom. Trapping a particle or bubble on the vortex core causes a reduction in the kinetic energy owing to the displaced circulating superfluid helium. The reduction in energy is maximized when the particle is centered on the vortex core (where the kinetic energy density is largest). As a particle approaches a vortex, a gradient in energy causes an attractive force -although some dissipative mechanism is required to prevent the particle from oscillating radially. Drag between the particle and the normal fluid likely serves to dissipate the energy as the particle approaches the vortex.
The attractive force between a tracer particle and a quantized vortex can equivalently be described by pressure gradients. The Bernoulli pressure around the vortex resulting from the superfluid motion is P = −ρ s κ 2 /8π 2 s 2 , where ρ s is the superfluid density and κ the quantum of circulation. The normal force on the particle is obtained by integrating the pressure gradient on the surface of the particle. If the particle is many particle diameters away from the vortex core the total force may be approximated as F trap = . Thus a local pressure gradient attracts particles on to the vortex, dissipatively mediated by Stokes drag.
This trapping mechanism is different than for a viscous vortex. Since superfluid flow has zero viscosity, the particle is not dragged into orbit around the vortex. In a viscous fluid, particles orbit azimuthally producing a centrifugal force in addition to the radial pressure gradient. If a small particle is neutrally buoyant then the centrifugal force is balanced by the pressure gradient and the particle circulates the vortex at constant cylindrical radius. Particles that are less dense than the fluid would arXiv:0808.1977v1 [cond-mat.stat-mech] 14 Aug 2008 be radially drawn to the vortex core whereas denser particles would be expelled to the boundaries. In a superfluid, all particles, independent of density are drawn to the quantized vortices. We have observed that solid hydrogen (less dense than liquid helium) and solid neon (denser than liquid helium) may be trapped by the quantized vortices.
Particle Trapping Dependencies
The forces that act on a tracer particle in a fluid may be broken into two categories -those acting on the volume of the particle and normal surface forces. The only force acting on the volume in our experiments is gravity. The density of the solid hydrogen particles is slightly less than that of the liquid helium and the particles are therefore slightly buoyant. The buoyancy force scales with the particle volume, whereas normal surface stresses scale with the surface area. Therefore, keeping all else constant, the ratio of the surface forces to buoyancy increases with decreasing particle size. Since we use constant density for all of our solid hydrogen tracer particles, smaller particles are more desirable since the effects of buoyancy are reduced relative to dynamic pressure and viscous forces.
The surface stresses acting on the particle are very important to the dynamics. Specifically, the two most important forces in our experiments are Stokes drag induced by the normal fluid flow and trapping forces produced by the quantized vortices. The interplay of these two determines whether the particles simply follow the normal fluid or get trapped or scattered by the quantized vortices.
As mentioned above, when the particle is far from the vortex the trapping force may be approximated by
, where a is the particle radius, P = −ρ s κ 2 /8π 2 s 2 the pressure, and s the cylindrical radius from the vortex core. P is a linear function of the superfluid density ρ s , which depends nonlinearly on temperature. The superfluid density is a small fraction of the total near the λ-transition, thereby making the trapping force weak.
Viscous drag is essential to the particle trapping mechanism, as mentioned earlier, since it provides a means of dissipation as the particle falls into the vortex core. However, Stokes drag may also serve a different role. Vortex motion transverse to the normal fluid may dislodge particles from the vortices since Stokes drag is still relevant. Therefore, at any temperature, two regimes always exist: (1) for sufficiently low relative velocities between the normal fluid and the quantized vortex the trapping force dominates and the particles remain trapped and (2) for sufficiently high relative velocities, Stokes drag is able to dislodge the particles from the vortex cores. The resulting picture is that understanding the population of trapped and untrapped particles must necessarily depend on both temperature and relative flows between the normal fluid and the quantized vortices.
The competition between weak trapping forces near the λ-transition and normal fluid drag is evidenced in our experiments by the lack of trapped particles within ∼ 50 mK of transition. Trapped particles are often char- relative velocity between a pair of particles initially separated by less than 150 µm is determined by fitting the pairwise separa-
where r i (t) is the two-dimensional position vector of particle i at time t. The distributions are computed from particle trajectories while the system is cooling at a rate of -152 µK/s with a 4 mW/cm 2 heat flux applied to drive a gentle counterflow between the normal fluid and superfluid. Each data set spans 20 seconds with temperature values 51 < T λ − T < 53 mK for the black circles and 55 < T λ − T < 57 mK for the red triangles.
Only the lower temperature data (red triangles) show clear signs of counterflowing particles, evidenced by the tail for large v δ , which signifies strong drag forces. We attribute this stark distinction to a crossover between Stokes-drag-dominated behavior at higher temperatures to a regime where particles are able to remain trapped on the quantized vortices.
acterized by velocity vectors that clearly differ from the background normal fluid flow, thereby experiencing a strong Stokes drag. To explore this temperature dependence we observe the particle dynamics as the system continues cooling below the λ-transition with a weak counterflow imposed to drive the vortices in opposition to the background flow (see §5 for more details on counterflows). The details of a typical experiment are shown in Fig. 1 . The result of these experiments is that there is a clear crossover from a regime where Stokes drag dominates to one where particles are able to become trapped on the quantized vortices. In addition to temperature and flow properties, the competition between Stokes drag and particle trapping also depends upon particle size. Stokes drag scales linearly with the radius of the particle. Since the particle trapping force arises from excluded kinetic energy of circulating superfluid, the trapping force can be thought of as depending on the average kinetic energy density of the excluded superfluid. Since the kinetic energy density is greatest near the vortex core, the average kinetic energy density excluded by a trapped particle increases with decreasing particle size. Therefore, smaller particles, as we have observed, are more likely to become trapped by the quantized vortices. The technique of generating very small hydrogen particles is partly responsible for our ability to make the present observations. Ions and electron bubbles would be even more greatly trapped as evidenced by the historical and current work using these systems.
Particle Effects on Superfluid Dynamics
The hydrogen particles used in our experiments are not completely passive tracers. By trapping a particle on the core of a vortex, the vortex also becomes trapped on the particle. Thus, a particle trapped on a quantized vortex increases the coupling between the vortex and the normal fluid through the action of Stokes drag acting on the particle. Quantized vortex trapping on the hydrogen particles is analogous to the pinning of dislocations and domain walls on impurities in a solid. Realizing that the hydrogen particles may modify the stability and dynamics of the vortices we have endeavored to reduce the particle size and concentration. In the limit of very few, small particles, one might expect to obtain a minor modification to the superfluid state.
The effects of the hydrogen tracers on the helium dynamics may be studied by observing the system as one modifies the volume fraction of hydrogen. While a systematic variation of the volume fraction remains a useful future project, this section conveys our general observations on volume fraction effects over the last several years. While we give approximate volume fraction values below, the phenomenology likely depends upon the particle size distribution, the quantized vortex population (line-length density), and temperature.
The smallest volume fractions (φ H2 /φ He < 10 −8 ) are realized as only tens of micron-sized solid hydrogen particles in our field of view (8 mm × 8 mm × 100 µm) as shown in Fig. 2(a) . The motions of the particles in superfluid helium, depending upon the various effects discussed above, split into two classes. Many of the hydrogen particles smoothly drift via Stokes drag with the normal fluid. A subset of the observed particles, though, have velocities that clearly differ from this smooth, background velocity field. At times, the motions of closely spaced particles can even be antiparallel. We interpret the second observation as suggesting the trapping of particles by the quantized vortices.
At moderate volume fractions (10 −8 < φ H2 /φ He < 10 −6 ) we observe multiple particles on each evident quantized vortex, e.g. Fig. 2(b) . Unexpectedly, the particles are often uniformly spaced along the vortex core. These dotted lines appear with spacings that are both uniform on one vortex and do not substantially vary between vortices.
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The observations of the uniform spacing imply particle-particle interactions present when they are trapped on the quantized vortices. We might hypothesize that the interaction originates from an inter-particle potential with both short-range repulsion (at least hardcore), and a long-range attraction such that the balance sets an equilibrium spacing (see Fig. 2(b) ). The particle spacing is typically ∼ 100 µm, which is much larger than the particle size. These observations imply that the effective interaction between trapped particles differs from the bare interaction present in the bulk of the fluid. Systematic studies of this feature should be performed. At yet higher volume fractions of hydrogen (φ H2 /φ He > 10 −5 ), the non-passivity of the hydrogen particles is clearly evident as seen in Fig. 2(c) . Often, the particles come to fully cover the cores of the vortices. In cases where a continuous cylinder of solid hydrogen is present on the vortex core, branches and networks of vortices are stabilized, which should not be the case in the absence of particle loading.
Thermal Counterflows
Two-fluid model
Quantum fluids are often described as a mixture of two interpenetrating fluids, 17, 18 a viscous normal fluid and an inviscid superfluid characterized by long-range quantum order. The density and velocity of the normal fluid are denoted ρ n and v n while the superfluid density and velocity denoted ρ s and v s . The conservation of mass is given by ρ n v n + ρ s v s = 0. In a superfluid, entropy and heat are carried only by the normal fluid component. Therefore, if a heat flux q is applied to the closed end of a channel in a superfluid then the normal fluid velocity will be aligned with the heat flux while the superfluid velocity will align oppositely to conserve mass. Specifically, the simplest resulting normal and superfluid velocities for a given heat flux q = qẑ are
where S is the specific entropy, T is the temperature, and ρ = ρ n + ρ s is the density. 
Previous studies
Zhang and Van Sciver used solid polymer microspheres as tracers in counterflow turbulence.
2 The experiments were performed over the temperature range 1.62 K < T < 2.0 K for heat fluxes from 110 to 1370 mW/cm 2 . The velocities of the particles were measured using the particle image velocimetry (PIV) technique. The most striking result from these experiments was that the velocities of the particles were approximately one half the average velocity of the normal fluid, independent of temperature. This disparity was attributed to momentum transfer between the tracer particles and the quantized vortices. Specifically, Zhang and Van Sciver proposed a form for a body force that would act on the tracer particles, which was shown to produce a temperature-independent velocity difference between v n and the observed particle velocity in agreement with their observations. The results of these experiments were discussed theoretically by Sergeev et al . 12 By applying theoretical arguments, they were able to obtain quantitative agreement with the experiments but at odds with eq. (5.1).
Present counterflow experiments
The thermal counterflow experiments presented here are conducted in a cylindrical cryostat of 4.5 cm diameter containing liquid 4 He. The long axis of the channel is vertical with four 1.5 cm windows separated by 90
• . A roomtemperature mixture of 2% H 2 and 98%
4 He is injected into the liquid helium above the superfluid transition temperature (2.17 K) producing a polydisperse distribution of tracer particles with diameters of order 1 µm.
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The initial volume fraction of hydrogen is approximately 10 −6 < φ H2 /φ He < 10 −5 . The fluid is then evaporatively cooled to the desired temperature in the range 1.80 K < T < 2.15 K. A portion of the hydrogen leaves the observation volume resulting in a volume fraction ∼ 10 −7 . The hydrogen particles are illuminated by a laser sheet that is 3.1 mm tall and 150 µm wide produced by a laser pointer. Optical laser power is less than 5 mW. A microchannel amplified CCD camera gathers 90
• scattered light with a resolution of 24 µm per pixel at 50 frames per second. A spiral nichrome wire heater located at the bottom of the channel 7.5 cm below the observation volume generates the counterflow by applying a fixed heat flux q = qẑ with 13 < q < 91 mW/cm 2 . Single particle trajectories are obtained using a two-dimensional particletracking algorithm with sub-pixel precision. 19 The experimental parameters used in these studies are summarized in Fig. 3 .
We characterize the resulting dynamics by analyzing the particle trajectories. Several example trajectories from a typical counterflow experiment are shown in Fig. 4 . Two distinct types of behavior are observed: (1) trajectories that move upward in the direction of the heat flux (ẑ) are denoted by black and (2) trajectories that oppose this motion and move downward (−ẑ) are shown in color. The upward trajectories appear smooth and remarkably uniform, whereas the downward trajectories can be quite erratic. In the context of the twofluid model, we interpret upward-moving particles as being dragged by the normal fluid while downward-moving particles as trapped in the vortex tangle.
Results
To test these interpretations we compute distributions of the vertical and horizontal velocity components, v z and v x , which are shown in Figs. 5 and 6. The veloc- ities are computed by performing a least squares fit of the form x(t) = vt + x(0) for 0 < t < 0.1 s. In most cases the vertical velocity distributions are bimodal, as expected. The fraction of downward-moving trajectories increases with: (1) decreasing temperature for constant heat flux and (2) increasing heat flux at constant temperature. These trends may be attributed to: (1) the increase in vortex line-length density that occurs by increasing either |v n − v s | or q and (2) the increase in the particle trapping force with decreasing temperature. It is important to note, however, that for a given temperature particles will cease to trap in the vortex tangle above a given heat flux (e.g. black circles in Fig. 5(a) ). The distributions of v x also exhibit a general trend; Pr(v x ) broadens with increasing fraction of downwardmoving trajectories, as shown in Fig. 6(a) . Such behavior is exhibited by the trajectories shown in Fig. 4 consisting of upward-moving trajectories that are vertical with v x near zero for all times, whereas particles trapped in the vortex tangle move erratically in the x-direction, producing a broad distribution of horizontal velocities. This distinction is further illuminated by the distributions of the trajectory angle θ ≡ arctan(v z /v x ) shown in Fig. 6(b) . In every experiment Pr(θ/π) has a sharp peak near θ/π = 0.5, which corresponds to trajectories aligned with the direction of the heat flux, and thereby aligned with v n . In cases with a significant fraction of downward-moving trajectories, a peak also develops at θ/π = −0.5, as shown in the inset of Fig. 6(b) . These secondary peaks are often flat and centered at θ/π = −0.5. We believe that these observations can be explained by mutual friction, 21 which is one source of the horizontal velocity component for the vortex tangle. However, to do so, the geometry of the vortices needs to be specified and the subject may, therefore, be more appropriate for numerical simulations.
To compare with eq. (5.1), the observed normal fluid velocity v no is computed for each experiment by fitting a Gaussian to the vertical velocity distribution function Pr(v z ) for v z > 0. Similarly, theẑ-component of the vortex tangle velocity v L is computed by fitting a Gaussian to Pr(v z ) for v z < 0. If there is no peak for v z < 0, as is the case for the black circles in Fig. 5(a) , we do not compute v L . The observed normal fluid velocities are shown in Fig. 7(a) . For all experimental parameters v no agrees with v n , giving a quantitative confirmation of eq. (5.1). The values of v L , though, are systematically less negative than v s , particularly for higher heat fluxes and temperatures, as shown in Fig. 7(b) . This may be due to mutual friction, but we cannot comment further on the observed values of v L .
Discussion
The results of these studies do not agree with the previous experiments of Zhang and van Sciver as discussed in ref. 2 . Mostly notably, we find that tracer particles that are not trapped by quantized vortices closely follow the calculated normal fluid velocity given by eq. (5.1), whereas in ref. 2 the particle velocity v p,a was measured to be approximately 0.5v n (see Fig. 1 in ref. 2) independent of T . Several important features must be considered when comparing these studies. The velocities in ref. 2 were determined using particle image velocimetry (PIV), which computes the velocity using cross-correlation of sub-images containing many tracer particles and is designed for smoothly varying velocity fields. However, as evidenced in Fig. 4 , the velocity field as computed from the particle trajectories is not smoothly varying owing to the interaction with quantized vortices. By co-mingling tracers that are moving primarily under the influence of Stokes drag with those trapped in the vortex tangle when measuring the velocity, it is very difficult to disentangle the effects of the quantized vortices on the tracer particles. Sciver also appears to be different from ours. According to their calculations, we should have also seen significant deviations from eq. (5.1). The underlying assumption in their calculation that seems to break down is that every particle is affected by the quantized vortices. As we have shown in Fig. 4 , a fraction of the particles move on vertical trajectories unaffected by quantized vortices, whereas other trajectories are dominated by their motion. Lastly, the temperature dependence in both our experiments and previous work must be better understood. In our experiments, there is a very clear temperature dependence of the effects of the quantized vortices on the particle motions as evidenced by the varying fraction of downwardmoving trajectories. However, in both the experiments of Zhang and Van Sciver and the theoretical explanation given by Sergeev et al., the claim is made that the disparity between the particle velocities and v n is independent of temperature. Clearly the motion of tracer particles in thermal counterflow requires further attention.
Conclusions
We have presented a discussion of initial experiments using solid hydrogen tracers to probe the dynamics of superfluid 4 He. The tracers can move with the normal fluid under the action of Stokes drag or be trapped or scattered by the quantized vortices. The response of the particles depends greatly on temperature, particle and vortex characteristics, and flow properties. These observations serve as only a beginning of a detailed study of the dynamics of superfluid 4 He on mesoscopic length scales (i.e., between the vortex core size and the intervortex spacing). Several issues remain unsolved and require further exploration experimentally, numerically, and theoretically, especially those involving the crossover between trapping and scattering as well as interparticle forces along the quantized vortices.
